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TECENICAL NOTE D - 1 2 5  

THEFWYL-STRESS FATIGUE CRACKING OF TURBINE BUCKETS OPERATED 

AT 1700° F IN A TURBOJET ENGINE WITH 

FREQUENT smms AND STOPS 

By R. A. S i g n o r e l l i ,  J. R .  Johnston, and J. W. Weeton 

SUMMARY 

Five h igh - s t r eng th  nickel-base bucket m a t e r i a l s  were t e s t e d  i n  a 
547  t u r b o j e t  engine at  1700° F. The inves t iga t ion  w a s  conducted t o  
s tudy t h e  e f f e c t s  of advanced-temperature opera t ion  on t h e r m a l - s t r e s s  
f a t i g u e  r e a i s t a m e  of s e v e r a l  of t h e  newer turbine-bucket  a l l o y s .  
Inadve r t en t ly ,  t h e  buckets  were subjected t o  f requent  s t a r t s  and s t o p s  
during t h e  t e s t .  The bucket ma te r i a l s  used i n  t h e  t e s t  were SEL-1, 
B and B, Inconel  713, c a s t  Udimet 500, and wrought Udimet 500. Y 

E 
Thermal-s t ress  f a t i g u e  cracking on t h e  lead ing  edge of t h e  buckets  

w a s  observed i n  a l l  s l l o y  groups a f t e r  s h o r t  opera t ing  t imes .  Cracks 
occurred i n  some groups a f t e r  only 10 sza rzs  (C$ 3s at r a t e d  speed)  and 

had occurred i n  a l l  groups after 28 qtarts (30 hr). 
of  t h e  test. (49 starts and 70  h r ) ,  60 t o  90 percent o f  the buckets of 
each a l l o y  had developed cracks .  Thermal-stress f a t i g u e  cracks d i d  not  
progress  r a p i d l y  by s t r e s s - r u p t u r e  t o  cause f r a c t u r e  of buckets .  
one bucket f r a c t u r e d  during t h e  t e s t ;  a t h e r m a l - s t r e s s  f a t i g u e  c rack  
progressed by mechanical f a t i g u e  t o  f r a c t u r e .  This  bucket w a s  run  wi th  
cracks f o r  31 hours before  f r a c t u r e .  Other buckets  r a n  with c racks  f o r  
as  long as 63 hours without f r a c t u r e .  

A t  t h e  conclusion 

Only 

INTRODUCTION 

The need for turbine-bucket  ma te r i a l s  f o r  use  a t  con t inua l ly  higher  
tu rb ine-bucket  temperatures  has l e d  t o  t h e  development of a l l o y s  wi th  
improved p r o p e r t i e s  a t  t h e s e  temperatures .  The a l l o y s  i n  t h i s  s tudy ,  
SEL-1, B and B, Inconel  713, c a s t  U d i m e t  500, and wrought Udimet 500, 
a r e  examples of some newer nickel-base a l l o y s .  
s t r e s s - r u p t u r e  p r o p e r t i e s  t h a t  i nd ica t e  tu rbo  j e t  bucket "use tempera- 
t u r e s "  as high as 1800° F, with a poss ib le  l i f e  of 100 hours o r  more. 

These a l l o y s  have 
c 
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However, t h e  complex combination of v a r i a b l e s  c o n t r i b u t i n g  t o  f a i l u r e  
of  buckets dur ing  engine ope ra t ion  prevents  an accu ra t e  p r e d i c t i o n  of 
e i t h e r  t h e  bucket l i f e  o r  t h e  mode of f a i l u r e  based on l a b c r a t o r y  t e s t  
d a t a  alone. The re la t ive  importance of d i f f e r e n t  modes of  f a i l u r e  
v a r i e s  wi th  t h e  engines .  For example, i n  one engine of h igh  c e n t r i f -  
u g a l b u c k e t  s t r e s s  (533) t h e  modes of f a i l u r e  were found t o  b e  pri- 
mari ly  s t r e s s - r u p t u r e  and mechanical f a t i g u e  (refs.  1 and 2). I n  t h e  
547 engine, wi th  a r e l a t i v e l y  low c e n t r i f u g a l  bucket s t r e s s ,  t h e  p r i -  
mary mode of bucket f a i l u r e  w a s  shown t o  be the rma l - s t r e s s  f a t i g u e  
cracking a t  t h e  l ead ing  edge (refs.  3 t o  5) .  These s t u d i e s  conducted 
a t  1500° F bucket temperatures  included s tandard  a l l o y s  such as M-252 
and S-816. It should b e  noted t h a t  t he rma l - s t r e s s  f a t i g u e  c racking  
a l s o  occurs i n  o t h e r  engines as w e l l  as t h e  547 and i s  considered a 
se r ious  problem. 

b 

It w a s  be l i eved  t h a t  ra ted-speed ope ra t ion  a t  1700' F might have 
a more pronounced e f f e c t  on i n i t i a t i n g  the rma l - s t r e s s  f a t i g u e  c racks  
i n  t h e  a l l o y s  considered f o r  t h i s  s tudy  than  d i d  ope ra t ion  at  1500' F 
wi th  M-252 and S-816 i n  e a r l i e r  s t u d i e s  ( r e f s .  3 and 4 ) .  The reason  
f o r  be l i ev ing  t h a t  c rack  i n i t i a t i o n  would b e  a f f e c t e d  may b e  seen from 
t h e  fol lowing d i scuss ion .  A s tudy  of t h e  va r ious  phases of 547 engine 
opera t ion  has ind ica t ed  t h a t  thermal  stresses generated i n  buckets  dur -  
i n g  s t a r t i n g  a r e  t h e  primary cause of leading-edge c racking  ( r e f .  5). 
Since  t h e  s t a r t i n g  condi t ions  a r e  no d i f f e r e n t  f o r  1700' F ope ra t ion  
than  f o r  1500' F, it might be  argued t h a t  no e f f e c t  could be expected. 
However, r e f e rence  5 a l s o  showed t h a t  even a small amount of ope ra t ion  
a t  full-power condi t ions  ( i . e .  , ra ted-speed condi t ions  where buckets  
a t t a i n e d  a temperature  of  1500O F) reduced t h e  number of s tar ts  r e -  
qu i r ed  t o  i n i t i a t e  c racking .  Reductions by f a c t o r s  of 2 and 4, respec-  
t i v e l y ,  f o r  M-252 and 5-816 were obtained when each start  w a s  followed 
by 15 minutes of  ra ted-speed ope ra t ion  at  1500' F. Cer t a in ly  i f  r a t e d -  
speed opera t ion  at  1700' F i s  a more severe  cond i t ion  f o r  t h e  newer 
a l l o y s  than w a s  opera t ion  a t  15000 F f o r  M-252 and S-816, an adverse 
e f f e c t  on c rack  i n i t i a t i o n  might b e  expected wi th  t h e  newer a l l o y s .  

- 

The re la t ive s e v e r i t y  of ra ted-speed condi t ions  at 1500° and 1700' 
F f o r  a l l  t h e  a l l o y s  under d i scuss ion  i s  s h o m  by a comparison of t h e  
p red ic t ed  s t r e s s - r u p t u r e  l i v e s  of buckets  of a l l  of  t h e s e  a l l o y s .  If  
c e n t r i f u g a l  stress and temperature  were assumed t o  be t h e - o n l y  f a c t o r s  
con t r ibu t ing  t o  bucket f a i l u r e ,  t h e  p red ic t ed  l i f e  of S-816 and M-252 
buckets  i n  a 547 engine at  r a t e d  speed and 1500° F would be a t  least  
10,000 hours, whereas t h e  p red ic t ed  l ives  of  t h e  a l l o y s  considered 
he re in  a t  r a t e d  speed and 1700° F would extend only from 800 to 3000 
hours ( see  ref .  4 f o r  methods of p r e d i c t i n g  l i f e ) .  Thus, t h e  g r e a t l y  
increased  s e v e r i t y  of ra ted-speed ope ra t ion  a t  1700' F with t h e  newer 
a l l o y s  i s  apparent .  
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It w a s  be l i eved  t h a t  t h e  rate and mode of propagat ion of c racks  
t o  complete f r a c t u r e  might a l s o  b e  a f f ec t ed .  I n  t h e  e a r l i e r  i n v e s t i -  
ga t ions  ( r e f s .  3 and 4 ) ,  buckets  wi th  leading-edge c racks  (M-252, S-816, 
and o t h e r  materials)  r a n  at  r a t e d  speed and 1500' F f o r  s e v e r a l  hundred 
hours a f t e r  i n i t i a t i o n  of leading-edge c racks .  I n  t h e s e  in s t ances  
f r a c t u r e  f i n a l l y  occurred by progression of a c rack  i n i t i a t e d  by 
the rma l - s t r e s s  fatigue bu t  propagated through a mechanical f a t i g u e  
process .  Because of t h e  lower pred ic ted  l i v e s  a t  1700' F of t h e  newer 
a l l o y s  considered i n  t h i s  i nves t iga t ion ,  a leading-edge crack, once 
i n i t i a t e d ,  might conceivably progress  very r a p i d l y .  Also, it might b e  
expected t h a t  c rack  propagation would occur by a s t r e s s - r u p t u r e  mecha- 
nism r a t h e r  t han  mechanical f a t i g u e .  

This  i n v e s t i g a t i o n  w a s  t h e r e f o r e  conducted t o  s tudy  t h e  e f f e c t  of  
engine ope ra t ion  a t  170O0 F on t h e  r e s i s t a n c e  t o  the rma l - s t r e s s  f a t i g u e  
cracking of  t u rbo je t - eng ine  buckets  of some of t h e  newer n icke l -base  
a l l o y s  and t o  s tudy  t h e  mode and r a t e  of propagat ion of t h e  c racks .  
Buckets of  a l l o y s  SEL-1, B and B, Inconel  713,  c a s t  Udimet 500, and 
wrought Udimet 500 were operated a t  1700' F i n  a 347 engine.  
g ine  w a s  opera ted  us ing  t h e  normal operat ing cyc le ,  15 minutes o f  r s t ed  
speed and 5 minutes a t  i d l e  speed. Because of mechanical d i f f i c u l t i e s  
occasioned by t h e  h igh  t e s t  temperature, t h e  engine w a s  f r equen t ly  shut  
down f o r  necessary  r e p a i r s .  This  caused a high frequency of  s tar ts  
cnmFared wi th  similar t es t s  run previously a t  1500' F. 
frequency of s tar ts  was KIO gieatct-r t h a n  t h a t  which a m i l i t a r y  f i g h t e r -  
engine i n s t a l l a t i o n  might experience.  

The en- 

However, t h e  

MkTERIALS , APPARATUS, AND PROCEDURE 

Bucket Mater ia ls  

Investment-cast  buckets of  a l loys  SEL-1, B and B, Inconel  713, and 
Udimet 500, and wrought buckets of  Udimet 500 were obta ined  from com- 
merc i a l  sources  and evaluated i n  t h i s  engine t e s t .  The chemical compo- 
s i t i o n  of each a l l o y  i s  shown i n  t a b l e  I .  The Inconel  713  buckets  were 
rece ived  i n  t h e  a s -cas t  condi t ion ,  while a l l  o t h e r  bucket groups were 
i n  t h e  a s -hea t - t r ea t ed  condi t ion.  The number of  buckets  of  each a l l o y  
engine- tes ted  and t h e  hea t  t reatment  appl ied  t o  each a l l o y  group a r e  
shown i n  t a b l e  11. All buckets were inspec ted  be fo re  engine t e s t i n g ,  
u s ing  X-ray radiography and f luorescent  dye penet ran t  methods. Buckets 
were r equ i r ed  t o  b e  f r e e  of de fec t s  d e t e c t a b l e  by X-ray radiography and 
were allowed t o  conta in  only a l imi ted  number of  s m a l l  su r f ace  d e f e c t s  
i n  t h e  c e n t r a l  po r t ion  of t h e  a i r f o i l  and i n  t h e  base .  
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Engine Modif icat ion f o r  1700° F Operation 

Other t h a n  t h e  t u r b i n e  buckets ,  t h e  most c r i t i c a l  components i n  
t h e  hot s e c t i o n  of a 547 engine are t h e  t u r b i n e  s t a t o r  b l ades  and t h e  
t u r b i n e  d i s k .  
design l i m i t s  of t h e  m a t e r i a l s  a t  ra ted-speed and rated-gas- temperature  
condi t ions .  For t h i s  reason,  it would be necessary t o  s u b s t i t u t e  com- 
ponents made of o the r  more h e a t - r e s i s t a n t  materials o r  t o  provide cool -  
i ng  i n  order  t o  t e s t  t h e  buckets  above normal ope ra t ing  tempera tures .  

These components normally ope ra t e  very  c l o s e  t o  t h e  

I n  t h i s  i n v e s t i g a t i o n  it w a s  more p r a c t i c a l ,  as w e l l  as more economical, Y 
t o  cool  t h e s e  components r a t h e r  t h a n  f a b r i c a t e  them from o t h e r  m a t e r i a l s .  4 

+ 
t= Cooling systems were designed t o  maintain normal ope ra t ing  tempera tures  

i n  each of  t h e s e  components when t h e  engine w a s  operated at  t h e  e leva ted  
t e s t  temperature (buckets  a t  1700' F).  

Modifications t o  provide cool ing  of t u r b i n e  s t a t o r  b l ades  are 
i l l u s t r a t e d  i n  f i g u r e  1. These b l ades ,  which a r e  normally uncooled, 
were cooled by a i r  from an a u x i l i a r y  source .  The a i r  w a s  passed i n t o  
a manifold welded t o  t h e  inner  spacer  band, through t h e  hollow b lades ,  
through holes  i n  t h e  ou te r  spacer  band, and i n t o  t h e  gas stream ahead 
or' t h e  t u r b i n e  buckets .  Corrugated inser ts  guided t h e  a i r  along t h e  
inne r  sur faces  of t h e  s t a t o r  b l ades  f o r  more e f f i c i e n t  cool ing .  The 
t u r b i n e  d i s k  i n  a s tandard  547 engine i s  normally cooled by a i r  b l e d  
from t h e  compressor and d i r e c t e d  t o  bo th  upstream and downstream f a c e s .  
Normally a i r  i s  provided at a r a t e  of  1 / 2  pound per  second t o  coo l  each 
d i s k  f ace .  An a d d i t i o n a l  1 pounds per  second o f . a i r  w a s  b led  from t h e  

compressor t o  supply t h e  added cool ing  needed t o  maintain normal ope ra t -  
i ng  temperatures  i n  t h e  d i s k .  The a d d i t i o n a l  cool ing  a i r  w a s  suppl ied  
t o  t h e  downstream f a c e  by merely inc reas ing  t h e  s i z e  of t h e  a i r  l i n e .  
Cooling of t h e  r i m  area of t h e  upstream f a c e  of t h e  d i s k  w a s  provided 
by b l eed  a i r  ducted through an annular  nozz le  pos i t ioned  near  t h e  
upstream face .  

.. 
1 
-2 

I n  add i t ion  t o  t h e  i n s t a l l a t i o n  of a u x i l i a r y  cool ing  systems, it 
w a s  necessary t o  inc rease  f u e l  f low t o  run  wi th  a bucket tempera ture  of 
1700' F. The opera t ion  of t h e  engine fue l - f low r e g u l a t o r  w a s  a l t e r e d  
t o  ob ta in  t h e  necessary h igh  f u e l  f low.  
normally meters f u e l  i n  accordance wi th  t h e  d ischarge  p res su re  of t h e  
compressor. It was poss ib l e  t o  a l t e r  t h e  f u e l  f low during ra ted-speed  
ope ra t ion  merely by supplying air  p res su re  from an a u x i l i a r y  source t o  
t h e  r e g u l a t o r  sensing element. 
l a t o r  t o  supply f u e l  a t  a h igher  r a t e ,  as it would normally do i f  t h e  
engine were operated a t  high-ram-pressure condi t ions .  To permit nor-  
m a l  opera t ion  dur ing  s t a r t i n g  and a c c e l e r a t i n g  from i d l e  t o  r a t e d  speed, 
t h e  a u x i l i a r y  a i r  supply w a s  shut  o f f  dur ing  t h e s e  ope ra t ions  and only 
compressor d ischarge  a i r  w a s  suppl ied  t o  t h e  r e g u l a t o r  sensing element.  

The engine f u e l  r e g u l a t o r  

Th i s  h igh-pressure  a i r  caused t h e  regu-  
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S t r e s s  and Temperature Di s t r ibu t ion  i n  Buckets 

Cen t r i fuga l  stress and tempera twe d i s t r i b u t i o n  i n  bucket a i r f o i l s  
a t  ra ted-speed and advanced-temperature condi t ions  are shown i n  f i g u r e  
2 .  The c e n t r i f u g a l  s t r e s s  was ca l cu la t ed  by t h e  method of r e f e r e n c e  6, 
u s ing  t h e  bucket geometry, material dens i ty ,  and engine r o t a t i o n a l  
speed. The temperature  d i s t r i b u t i o n  shown i n  f i g u r e  2 w a s  ob ta ined  
be fo re  t h e  materials t es t  w a s  s t a r t e d .  To do t h i s ,  t h e  engine w a s  
operated wi th  s tandard  S-816 a l l o y  buckets f o r  s u f f i c i e n t  t i m e  t o  ob- 
t a i n  equi l ibr ium condi t ions  a t  r a t e d  speed. Temperature measurements 
were obta ined  from thermocouples imbedded i n  fou r  t u rb ine  buckets .  

Engine Operat i o n  

For t h e  a c t u a l  materials t e s t i n g  o f  t h i s  i n v e s t i g a t i o n ,  a t u r b i n e  
wheel conta in ing  94 t e s t  buckets  and two thermocoupled buckets  w a s  
i n s t a l l e d  i n  a J47-25 engine.  The engine w a s  opera ted  f o r  r epea ted  
cyc le s  c;f 15 minutes a t  r a t e d  speed (7950 rpm) and about 5 minutes at 
i d l e  speed (3000 rpm). 
nance, r e p a i r s ,  and at t h e  end of each work day. Operation of  Liie engine 
at  advanced temperature  caused frequent  shutdowns f o r  minor engine 
r e p a i r s ;  t h u s  no i n t e n t i o n a l  shutdowns were r equ i r ed  f o r  bucket 
i n spec t ion .  

Engine opera t ion  was i n t e r r u p t e d  f o r  mainte- 

Bucket s t r e s s  and temperature  were ccz t ro l l ed  dur ing  t h e  engine 
tes t  a t  t h e  previous ly  measured condi t ions  shown i n  f i g u r e  2 by a a j u s t -  
i n g  t h e  engine speed and exhaust - n o z d e  a-es, r e s p e c t i v e l y .  Bucket 
temperatures  were monitored wi th  a thermocouple imbedded a t  midspan 
i n  each of  two S-816 a l l o y  buckets .  
c i e n t  r u p t u r e  s t r e n g t h  t o  opera te  f o r  more t h a n  about 20 hours a t  
1700' F i n  a J 4 7  engine, a 5/8-inch s e c t i o n  w a s  cu t  from t h e  t i p  of t h e  
a i r f o i l  t o  reduce c e n t r i f u g a l  s t r e s s e s  t o  an acceptab le  level .  Previous 
s t u d i e s  had ind ica t ed  t h a t  shortening t h e  buckets  by t h i s  amount d id  not  
measurably change t h e  t empera tu re -d i s t r ibu t ion  readings .  
readings  were t r ansmi t t ed  through s l i p - r i n g s  t o  a record ing  poten t iometer  
i n  a manner similar t o  t h a t  described i n  r e fe rence  7. 

S ince  S-816 does not  have suf f i -  

Temperature 

Bucket -Elongation Measurements 

Two buckets  of each a l l o y  group were sc r ibed  for e longat ion  meas- 
Elongat ion r ead -  urements a t  1/2- inch i n t e r v a l s  (as  shown i n  f i g .  3).  

ings  of s c r ibed  zones were t aken  a t  convenient t i m e  i n t e r v a l s  and a t  
t h e  conclusion of t h e  t e s t .  The measurements were made wi th  an o p t i c a l  
micrometer having a s e n s i t i v i t y  of  0.0001 inch .  
width of t h e  s c r i b e  marks, bowing of bucket a i r f o i l s ,  and human e r r o r ,  
e longat ion  readings  were a c t u a l l y  s i g n i f i c a n t  t o  &0.001 i nch  o r  20.2- 
percent  e longat ion  i n  each l/Z-inch-gage l eng th .  

However, because of  t h e  
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Macro ex ami  nat i o n  of Bucket s 

Buckets were examined f o r  c racks  us ing  f luorescent -dye-penet ran t  
i n spec t ion  a f t e r  i n t e r v a l s  of  about 5 hours of  ra ted-speed  ope ra t ion .  
The number of buckets  of  each group wi th  t h e r m a l - s t r e s s  f a t i g u e  c racks  
w a s  recorded a t  each in spec t ion .  Cracked buckets  were considered 
f a i l e d  but were r e i n s e r t e d  i n  t h e  engine f o r  f u r t h e r  t e s t  a long wi th  
u n f a i i e d  buckets  t o  s tudy  t h e  propagat ion of cracking t o  f r a c t u r e .  

Metal lographic  S tud ie s  

Two un te s t ed  buckets  and two t e s t e d  buckets  from each all-oy group 
l i s t e d  i n  t a b l e  I1 were sec t ioned  f o r  metal lographic  examination. An 
area near t h e  l ead ing  edge a t  midspan w a s  examined t o  determine t h e  
g e n e r a l  mic ros t ruc tu re  i n  each a l l o y  group. 

RESUL!I’S AND DISCUSSION 

Bucket F a i l u r e s  

During t h e  t o t a l  t ime of t h e  engine t e s t  ( 7 0  h r ) ,  on ly  one bucket  
f r a c t u r e d .  However, l a r g e  numbers of buckets  f a i l e d  by t h e r m a l - s t r e s s  
f a t i g u e  cracking. Typ ica l  cracked buckets  shown i n  f i g u r e  4 a r e  similar 
t o  t h o s e  observed i n  previous i n v e s t i g a t i o n s  ( r e f s .  3 t o  5) wi th  a 
m u l t i p l i c i t y  of c racks  over a cons iderable  po r t ion  of t h e  l ead ing  edge. 
Bucket fa i lure  d a t a  a r e  presented  i n  f i g u r e  5, p l o t t e d  aga ins t  s tar ts  
and s t o p s  r a t h e r  t han  aga ins t  t ime,  s i n c e  t h i s  w a s  t h e  primary cause 
of t he rma l - f a t igue  cracking,  as w a s  c i t e d  ear l ie r  from r e f e r e n c e  5. 
Hence, i n  f i g u r e  5, t h e  p o s i t i o n  of each d a t a  poin t  i n d i c a t e s  t h e  number 
of s t a r t - s t o p  cyc les  a t  which c racks  were f i r s t  observed i n  each bucket .  
A t ime sca l e ,  a l though nonl inear ,  i s  shown a l s o ,  for convenience. 
Cracking began a f t e r  r e l a t i v e l y  f e w  s tar ts .  Buckets of c a s t  Udimet 500 
and SEL-1 cracked a f te r  10 s tar ts  (E& hr a t  r a t e d  speed) ,  Inconel  713  

a f t e r  12  s t a r t s  (10 h r ) ,  and B and B and forged Udinet 500 a f te r  28 
s tar ts  (30 hr). The number of buckets  wi th  c racks  increased  a t  a r e l a -  
t i v e l y  rap id  r a t e  a f t e r  t h e  first bucket cracked. The numbers o f  s tar ts  
t o  c rack  50 percent  of  t h e  buckets  ( i . e . ,  t h e  median l i f e )  of each a l l o y  
group as ind ica t ed  by t h e  arrows i n  f i g u r e  5 are as fo l lows:  24 f o r  
c a s t  Udimet 500, 28 f o r  Incone l  713, 29 f o r  SEL-1, 36 f o r  forged Udimet, 
and 45 f o r  B and B.  The median l i f e  of t h e  B and B a l l o y  buckets ,  t h e  
most c r a c k - r e s i s t a n t  group, i s  almost double t h a t  f o r  c a s t  Udimet 500, 
t h e  leas t  c rack - re s i s t an t  group. However, by t h e  end of t h e  t e s t ,  7 0  
hours at r a t ed  speed and 49 s tar ts ,  60 t o  90 percent  of t h e  buckets  i n  
ea& a l l o y  group were cracked, as may be  seen i n  f i g u r e  5. 
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Thermal-s t ress  cracking occurred more r e a d i l y  (wi th  fewer s ta r t s )  

About 
w i th  t h e  a l l o y s  t e s t e d  i n  t h i s  i n v e s t i g a t i o n  a t  17000 F t h a n  wi th  S-816 
and M-252 buckets  operated at  1500' F i n  previous engine tes ts .  
20  and 100 s ta r t s ,  r e spec t ive ly ,  were r equ i r ed  t o  i n i t i a t e  c racking  
i n  M-252 and S-816 buckets  operated a t  1500° F ( r e f .  
wi th  10 t o  28 starts f o r  t h e  a l l o y  groups t e s t e d  i n  t h i s  i n v e s t i g a t i o n  
a t  1700° F. Thus, from t h e  r e s u l t s  o f  t h i s  i n v e s t i g a t i o n ,  it appears  
t h a t  ope ra t ion  of t h e s e  newer a l l o y s  a t  1700' F i n  a 547 engine poses  
a more s e r i o u s  thermal - fa t igue  cracking problem t h a n  has been expe r i -  
enced wi th  s tandard  bucket materials opera ted  a t  normal ra ted-speed  
cond i t ions .  

4). This  compares 

A s  descr ibed  i n  t h e  INTRODUCTION, t h e  r e l a t i v e l y  low p red ic t ed  
s t r e s s - r u p t u r e  l i f e  of  t h e  a l l o y s  t e s t e d  i n  t h e  engine r a i s e d  t h e  
p o s s i b i l i t y  t h a t  cracked buckets  might progress  t o  f r a c t u r e  with s h o r t  
t imes  a t  r a t e d  speed and by a s t r e s s - r u p t u r e  mechanism r a t h e r  t h a n  by 
mechanical f a t i g u e .  Actual ly ,  only one bucket  f r a c t u r e d  during t h e  
70-hour t e s t .  This  w a s  an Inconel  7 1 3  bucket  t h a t  f r a c t u r e d  a f te r  51 
hours a t  r a t e d  speed. The bucket f a i l e d  by  mechanical f a t i g u e  progres-  
s i o n  of a thermal - fa t igue  crack.  Tile mechsc ism w a s  t y p i c a l  of f r a c t u r e s  
encountered i n  t h e  p r i o r  i nves t iga t ions  (refs. 3 and 4 ) .  The Incone l  
713 bucket  r a n  wi th  thermal - fa t igue  c racks  f o r  31 hours be fo re  f r a c t u r e ,  
and o t h e r  buckets  i n  t h e  present  i n v e s t i g z t i o n  r a n  wi th  similar c racks  
up t o  63 hours without f r a c t u r e .  Thus, r a p i d  progress ion  of  c racks  by 
a t ress - rupt ,ure  t o  f r a c t u r e  d i d  not  occur .  

The  mechanism of crack propagztion experienced i n  t h i s  i n v e s t i g a -  
t i o n  may have been inf luenced by the  il--izbcr of st9rt.s encountered. It 
has been shown i n  previcus engine t e s t s  ( r e f .  5 )  t h a t  t h e r m a l - s t r e s s  
f a t i g u e  c racks  can b e  i n i t i a t e d  i n  t h e  buckets  by a r e l a t i v e l y  s m a l l  
number of  s tar ts  where l i t t l e  or no ra ted-speed  ope ra t ion  i s  involved.  
During t h i s  i n v e s t i g a t i o n ,  t h e  d i f f i c u l t i e s  encountered wi th  engine 
ope ra t ion  at  h igher  t han  normal temperatures caused a g r e a t  number of  
starts r e l a t i v e  t o  a small amount of t i m e  accumulated at r a t e d  speed. 
Hence, i n  t h i s  t e s t ,  cracks were i n i t i a t e d  i n  t h e  buckets  b e f o r e  any 
apprec iab le  p o r t i o n  of t h e  s t r e s s - r u p t u r e  l ives  of t h e  a l l o y s  had been 
expended. This  could expla in  why t h e  the rma l - f a t igue  cracks d id  no t  
progress  r a p i d l y  t o  f r a c t u r e  by a s t r e s s - r u p t u r e  mechanism. If longer  
per iods  of engine opera t ion  between starts were poss ib l e ,  t h e  i n c e p t i o n  
of c racks  would probably occur a f t e r  a cons iderable  po r t ion  of  t h e  
s t r e s s - r u p t u r e  l i f e  of t h e  buckets had been expended. This  i n  t u r n  
could make buckets  more suscep t ib l e  t o  r a p i d  progress ion  of  t h e  thermal-  
stress cracks  t o  f r a c t u r e  by a s t r e s s - r u p t u r e  mechanism. This  p o s s i -  
b i l i t y  could b e  evaluated by an engine endurance t e s t  i n  which measures 
would b e  taken  t o  reduce t h e  frequency of starts. 
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Bucket Elongat i on  

No measurable e longat ion  of  bucket  a i r f o i l s  (less t h a n  0.2-percent  
e longat ion)  w a s  de t ec t ed .  
t i o n  of two buckets  o f  each a l l o y  group were taken  a t  convenient i n t e r -  
vals and a t  t h e  conclusion of  t h e  t e s t .  The f a c t  t h a t  t h e  bucket  
el.ongztion w a s  ve ry  low would seem t o  i n d i c a t e  t h a t  c r eep  w a s  i n  a ve ry  
e a r l y  s tage .  This  might a l s o  be expected from t h e  l i m i t e d  t ime at 
r a t e d  speed accumulated dur ing  t h e  en t i r e  t e s t .  

It may b e  r e c a l l e d  t h a t  readings  of elonga- 

F + 
-1 
P 

Mzt a l l o g r  aphy 

Photomicrographs of  g e n e r a l  s t r u c t u r e s  of  buckets  of  a l l  a l l o y  
groups are shown i n  figure 6. A l l  t h e  s t r u c t u r e s  appear s i m i l a r ,  wi th  
a f i n e  p r e c i p i t a t i o n  of  minor phases throughout t h e  g r a i n s ,  as i s  
t y p i c a l  of high-temperature  n icke l -base  a l l o y s .  No n o t i c e a b l e  change 
i n  micros t ruc ture  f o r  any of t h e  a l l o y  groups w a s  apparent a f te r  70  
hours  of engine operaTion. Consequently, on ly  photomicrographs of 
un te s t ed  buckets  a r e  shown. 

S U i ' M Y  OF RESULTS 

Buckets of  a l l o y s  SEL-1, B and B, Inconel  713,  c a s t  Udimet 500, 
and wrought Udimet 500 were opera ted  i n  a 547 engine wi th  a bucket  
m a t e r i a l  temperature  of 1700' F. 
15 minutes at r a t e d  speed and 5 minutes at i d l e  speed. The buckets  were 
subjec ted  t o  f requent  s tar ts  and s t o p s  dur ing  t h e  t e s t .  The fo l lowing  
resu l t s  were obtained:  

The engine was opera ted  f o r  cyc le s  of  

1. Thermal-s t ress  f a t i g u e  c racking  on t h e  l ead ing  edge of buckets  
w a s  t h e  primary mode of f a i l u r e .  From 60 t o  90 percent  of t h e  buckets  
of each a l l o y  group had developed cracks  when t h e  engine t e s t  w a s  d i s -  
cont inued a f te r  70  hours and 49 starts. 

2 .  Buckets f a i l e d  by c racking  wi th  very  f e w  starts and s h o r t  
Buckets of a l l o y s  Udimet 500 ( c a s t ) ,  SEL-1, and ope ra t ing  t imes .  

Incone l  713 cracked wi th  from 10 t o  1 2  starts and 9 t o  10 hours a t  
r a t e d  speed. Forged Udimet 500 and B and B buckets  cracked a f te r  28 
s tar ts  and 30 hours .  

1 
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3. Thermal-s t ress  f a t i g u e  cracks d id  not  progress  r a p i d l y  by stress- 
r u p t u r e  t o  cause f r a c t u r e  of buckets .  The one bucket t h a t  f r a c t u r e d  
dur ing  t h e  t e s t  had run  wi th  c racks  f o r  31 hours .  This  bucket f r a c t u r e d  
by progress ion  due t o  mechanical fatigue of a crack i n i t i a t e d  by stress- 
f a t i g u e .  Other buckets  ran wi th  cracks f o r  as long as 63 hours without  
f r a c t u r e .  
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N i  

Bal (49)  

Bal (44)  

Bal (76)  

TABLE I. - TYPICAL CHEMICAL COMPOSITION OF ALLOYS 

Co C r  Mo T i  A1 C B Cb 

27 15 2.5 2.25 3.75 0 .1  --- -- 

0.5 -- 30 15 5 2.5 3 --- 
-- 1 2  4 . 5  5.5 --- --- 2 

A l l o y  

SEL - 1 

B and B 

Inconel 713 

Udimet 500 

Udimet 500 

Method of-- 
f a b r i c  at ion  

Vacuum c a s t  

Vacuwn c a s t  

4rgon c a s t  

Vacuum c a s t  

drought 

W L ; E  11. - NUMBER OF BUCKETS ENGINE-TESTED AND HEAT 'I"'I!MENT APPLIED 

Alloy 

SEL - 1 
B and B 

Inconel  713  

Udimet 500 cast 
Udimet 500 wrought 

TOTAL 

Number of 
buckets  
t e s t e d  

2 1  
10 

22 

19 
22 

94 

Heat t rea tment  

S o l u t i o n - t r e a t ,  2050' F, 2 hr; a i r -cool ;  
age, 1400' F, 16 hr ;  a i r - c o o l  

None ( a s - c a s t )  

S o l u t i o n - t r e a t ,  1975' F, 2 hr ;  a i r -cool ;  
f i rs t  age, 1550° F, 1 6  h r ;  a i r - coo l ;  
second age, 1400' F, 1 6  h r ;  a i r - c o o l  
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Figure 1. - Method of cooling turbine s t a t o r  b lades .  
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Figure 2. - Bucket stress and temperature distributions 
at rated conditions. 
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A 

Alloy 

C a s t  Udimet 50C 

I 
Cracked at 

SEL-1 

Inconel 713 

Forged 
Udimet 500 

B and B 

t Median l i f e  
0 Cracked bucket 
)( Frac twed bucket 

Number of s tarts and s tops  

I I I I I 1 
0 6.5 15 30 50 70 

Time at r a t ed  speed, h r  

Figure 5. - Engine performance of tu rb ine  buckets operated a t  
1700° F. 
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Cast Udimet 500 Inconel  7 1 3  

SEL-1 Wrought Udimet 500 

B and B 

Figure 6 .  - Typical  micros t ruc tures  of buckets .  E tchant :  10 percent  HF, 20 percent  "03. x750. 
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